We demonstrate three-dimensional (3D) optical phase and amplitude reconstruction based on coded source illumination using a programmable LED array. Multiple stacks of images along the optical axis are computed from recorded intensities captured by multiple images under off-axis illumination. Based on the first Born approximation, a linear differential phase contrast (DPC) model is built between 3D complex index of refraction and the intensity stacks. Therefore, 3D volume reconstruction can be achieved via a fast inversion method, without the intermediate 2D phase retrieval step. Our system employs spatially partially coherent illumination, so the transverse resolution achieves twice the NA of coherent systems, while axial resolution is also improved 2× as compared to holographic imaging.
INTRODUCTION
Conventional microscopes commonly use partially coherent illumination for better light throughput and improved spatial resolution, as compared to coherent illumination. However, phase information is not captured, which is a critical drawback for imaging transparent specimens such as biological cells. Many qualitative and quantitative phase imaging methods have been proposed to enable visualization of samples with weak absorption. [1] [2] [3] [4] [5] [6] In the case of partially coherent light, phase can be interpreted in terms of the object s refractive index profile. 7 Zernike phase contrast (PhC) renders phase effects visible; 1 however, phase effects cannot be separated from absorption, so the method is not quantitative. Interferometry methods with phase-shifting are widely used for quantitative optical phase. Among them, differential interference contrast microscopy (DIC) is popular in bioimaging, providing qualitative phase contrast that can be made quantitative with multiple captures. 3, 8, 9 Similarly, PhC has also been extended to quantitative phase imaging using phase-shifting method.
10 DIC, however, uses polarization optics that are highly sensitive to birefringence, which limits applications. Moreover, the coherent illumination requirement and sensitivity to environmental conditions make interferometry techniques hard to implement on standard microscopes. Here, we focus on partially coherent phase imaging methods that have twice the resolution of coherent methods, better light throughput and reduced unwanted speckle artifacts, [11] [12] [13] [14] particularly for thick 3D samples.
In this paper, we investigate a global 3D phase imaging technique that uses partially coherent illumination based on differential phase contrast (DPC) microscopy. 15, 16 It thus overcomes the drawbacks of coherent techniques and provides 2× better resolution. 17, 18 We show here that rapid quantitative phase recovery is possible using through-focus DPC data with linear deconvolution. 18 Our experimental system is implemented on a computational microscope based on programmable LED array illumination, which allows real-time capture of DPC images. [18] [19] [20] The LED array microscope is also a flexible hardware platform for other powerful imaging modes, such as Gigapixel, 6, 21 3D, 22, 23 and aberration recovery. 21, 24 Here, linear quantitative reconstruction of complex refractive indices, i.e. absorption and phase, is done by combining information from both asymmetric illumination and defocus using a 1 st Born approximation model for partially coherent illumination. 25, 26 Quantitative phase recovery based on DPC using asymmetric illumination has been previously investigated for imaging 2D thin objects. 17, 18 Extension to 3D is particularly important when imaging biological samples using high-NA optics, as the thickness of the sample is typically larger than the depth of field of the imaging system and the 2D model no longer holds. Defocus provides an experimentally convenient way to capture the 3D information. We develop a 3D transfer function model based on the WOA to linearly relate the 3D scattering potential of the sample to the intensity measurements. In addition, we also propose an inverse method that largely reduce artifacts by taking advantages of priors.
PRINCIPLES OF 3D QUANTITATIVE DPC MICROSCOPY
Any 3D sample can be expressed in terms of its scattering potential
2 ), 27 where n o is the refractive index of the surrounding media and n = n Re + i · n Im is the sample s complex index of refraction. n Re describes how light refracts when passing through the sample, and n Im describes absorption. When a sample is illuminated by a quasi-monochromatic partially coherent light source, such as programmable LED array, the measured intensity is the incoherent sum of intensities caused by each point of the light source. Since the LED array is placed sufficiently far away, each source can be further modeled as generating a plane wave from a distinct angle at the sample plane. Therefore, based on 1 st Born s approximation, the measured 3D intensity through-focus can be described as the incoherent sum of individual intensities from each angle of illumination:
where x and z are transverse 2D coordinates and the axial coordinate, respectively, S is the intensity of each point source, u denotes the scaled coordinates at the source plane, G is the Green s function of the Helmholtz equation and h is the point spread function of the imaging system. If we separate scattering potential into real part and imaginary part, i.e. V = V Re + i · V Im , and evaluate the Fourier transform of Eq. (1), we can derive a neat expression of intensity in terms of scattering potential in spectrum domain:
whereĨ o is the DC term, representing the total captured intensity, andĨ ss describes 2nd order scattering potential interaction which involves convolution betweenṼ andṼ * . If the object is immersed inside a medium whose refractive index is similar to it, and the absorption coefficient is small enough, the weak object approximation (WOA) 18, 25, 28 applies. This means that the scattering-scattering interactionĨ ss becomes negligible compared to the rest of Eq. (2). Therefore, a linear relation is established between the measured 3D intensity and the scattering potential of the object. H Re and H Im are transfer functions for the real part and the imaginary part of the scattering potential, respectively. They can be evaluated using the following equations:
where S is the flipped light source, i.e. S ( u) = S(− u) and denotes cross-correlation in the transverse coordinates. The WOA assumes that each scattered frequency only interacts with the DC term, so the final expression is similar to that in 2D/3D systems.
25, 28
In order to solve for the complex index of refraction of the sample, we find the least-square solution with Tikhonov regularization, similar to the 2D DPC case, 18 but with a 3D transfer function. However, this often results in halo artifacts due to missing frequencies along axial direction, which cannot be measured without rotating the sample. To mitigate artifacts, two priors can be used in the inverse problem. First, a sample may be decomposed into blocks of different materials, with the refractive index of each being constant. Hence, the variation of refractive index in the volume is sparse, implying that total variation regularization is a good model for the deconvolution. 29, 30 Second, when the object is immersed in a medium whose refractive index is smaller (larger) than itself, a positive (negative) constraint can also be added. Finally, the following minimization problem is formed to solve for 3D quantitative index of refraction: whereĨ is the Fourier transform of the normalized intensity stack which is divided by and eliminates the DC term in Eq. (2), i indexes the LED illumination patterns (bright field and DPC in our experiment) and α is the total variation regularization coefficient. We solve Eq. (5) for the refractive index (n Re ) and absorption coefficient (n Im ). In our experiments, we use the same setup as for the previously demonstrated real-time 2D DPC 18 plus a z-stage (Thorlabs, MZS500-E). The illumination of the microscope (Nikon TE300) has been replaced by a 32x32, 4mm spacing custom-made monochromatic LED array whose central wavelength is ∼513nm. The LED array is placed 69mm above the sample plane, giving an illumination numerical aperture (NA) of 0.65, which matches the 40× 0.65NA objective lens. Four intensity images are captured at each focus step, corresponding to the 4 half-circle illumination patterns 18, 19 shown in Fig. 1 . 100 through-focus layers are recorded with a step size of 1µm. Note that this is a similar amount of captured data as is used in diffraction tomography schemes, which generally use 4 phase-shifting interferograms (or lose field of view by a factor of 4 using off-axis holography).
EXPERIMENTAL RESULTS
-
31
Our measured intensity images can be captured quickly since the LED array is much faster than the camera exposure time. The images are used to synthesize bright field and DPC images at each focus position, then to retrieve the quantitative scattering potential. One bright field and two DPC intensity stacks with horizontal and dilW al vertical asymmetry can then be calculated using the method depicted in Fig. 2(a) . While bright field images are synthesized by summing two intensities with opposite illumination (top/right plus bottom/left), DPC images are evaluated by subtracting one from the other (top/right minus bottom/left). In addition, all intensity stacks are normalized by first dividing and then subtracting the mean intensity (DC term) of the bright field intensity stack before implementing the deconvolution algorithm. Thereafter, the minimization problem shown in Eq. (5) is solved using the 3D Fourier spectrum of the measured intensity stacks along with pre-computed optical transfer functions, resulting in 3D reconstruction of both amplitude and phase information. Fig. 2(a) shows the theoretical optical transfer functions for bright field and DPC illuminations, which can be easily evaluated using Eq. (3) and Eq. (4) with fast Fourier transform. For the following experiments, we assume that aberrations are negligible. For bright field illumination, whose source shape is a full circle within the NA of the objective lens, only the imaginary part of the scattering potential contributes to the recorded intensity. This means that absorption strength is encoded with bright field illumination, but we lose the phase information. The shape of bright field transfer function is exactly the same as that of normal wide field microscopy, which has the diffraction-limited resolution of an incoherent optical system. On the other hand, DPC illumination can be synthesized by subtracting two half-circle illuminations, and the corresponding transfer function converts mostly the real part of the scattering potential into measured intensity. Unlike bright field illumination, contrast revealed in DPC intensity stacks is due to refractive index variations. 25 Therefore, by combining both bright field and DPC intensity stacks, it is possible to acquire 3D quantitative complex refractive index. Fourier coverage of DPC illumination is similar to that of bright field illumination. Fig. 2(a) shows an example of transfer functions using NA 0.65 for both illumination and detection sides, where the partially coherent coefficient is equal to 1. Lateral resolution is extended to 2× of the NA of the objective lens, and axial resolution is also enhanced to 0.4 of the NA. Fig. 2(b) shows the maximum Fourier coverage of optical transfer functions in both lateral and axial direction, which is highly relevant to the final resolution. While the lateral Fourier coverage is always twice of the system NA, axial bandwidth increases nonlinearly as NA grows. This indicates that lateral resolution of the proposed DPC imaging system is two-fold smaller than the FWHM of coherent point spread function. Meanwhile, we can observe dramatic axial resolution improvement as we select higher NA for both illumination and objective lens. As a result, the proposed partially coherent illumination scheme provides 2× the optical resolution compared to coherent systems.
-y-cut
In our experiment, we use a single polystyrene bead as our sample. To fulfill the WOA, we place the bead inside oil with refractive index 1.58, which is close to the index of the polystyrene bead. After we solve the minimization problem described in Eq. (5), the refractive index distribution is extracted from the optimal scattering potential as shown in the blue column in Fig. 3 . While the X-Y index profile focused at the center plane of the polystyrene bead is a round shape, as expected, the Y-Z index distribution is more like an elongated ellipsoid. This implies that axial resolution is much worse than transverse resolution, which results from missing frequencies along axial direction, as discussed in Fig. 2 . In order to enhance axial resolution, one can either use a higher NA objective, rotate the object to increase Fourier coverage (similar to computed tomography) 32 or use a non-linear forward model to include multiple scattering effects. 22 To verify the fidelity of the linearized partially coherent model, we synthesize DPC intensity of an oil-immersed polystyrene bead based on the WOA. A 10µm diameter circular bead with index of refraction 1.615 was chosen in order to mimic our experimental result. The DPC intensity is evaluated by convolving the real part of the scattering potential with the corresponding point spread function (inverse Fourier transform of H Re ) under a pure-phase assumption. In Fig. 3 , we observe that the DPC intensity stack from simulation is similar to that measured in our experiment. The cross-section plot on the right shows good agreement except for noise, which means that the WOA is valid in this case. As for the quantitative analysis, which is plotted in Fig. 3 on the bottom right, the recovered refractive index of the polystyrene bead matches well to previous measurement techniques. 33 Comparing the widths in terms of FWHM, the ratio between axial diameter and transverse diameter of the bead is around 1.6. In addition, the axial cross-section (z-cut) looks more like a sinusoidal shape rather than the step profile that it should be, due to loss of frequencies in the z direction. From this experimental result, we conclude that the WOA is a suitable assumption for index-matched 3D objects, providing accurate quantitative results, but the loss of axial resolution due to low NA may degrade the 3D result. Green column shows the cross-section of synthesized DPC intensity stacks using illumination depicted in Fig. 2(a) . Orange column are the corresponding intensity images from the experiment. Blue column denotes the recovered refractive index from the measured intensities. Plots on the right are 1D cross-section of DPC intensities and quantitative refractive index.
CONCLUSION
A quantitative 3D object retrieval method is proposed based on conventional qualitative differential phase contrast microscopy. Multiple intensity stacks under partially coherent illumination via LED array were recorded to generate bright field and DPC images. Bright field images provide information for the imaginary part of scattering potential whereas DPC intensities reveal mostly the real part of scattering potential of specimens. With first Born s approximation and weak object approximation, multiple scattering effects are ignored, while the non-scattered and single-scatted light contributions to the final intensity distribution are used. As a result, the inverse problem for recovering the 3D complex refractive index of the object becomes linear. This allows us to easily achieve index of refraction distribution reconstruction by combining traditional bright field and DPC microscopic measurements without interferometry setups. At the same time, number of images required stays about the same. Taking advantage of partially coherent optical system, our 3D imaging method provides 2× resolution improvement and does not suffer from speckle noise compared to coherent holography. In addition, 3D DPC microscopy is a stain-free and label-free, which is an object independent imaging technique.
